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e System hardware overview

— 1mplemented functionalities

— development system
e System characteristics

— noise levels

— Loop gain/frequency & transient response
e Operation automations

— cavity filling

— adaptive feed forward compensations
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Analog F¥ént End (AFE)
Down-converting channels:
Incident and Reflected RF
(402.5 or 805 MHz)
IF channels:
Cavity and Reference (50 MHz)

ilab  SNS FCM = VX1 + DFE + AFE + RFO

rrrrrr

SPALLATION NEUTRON SOURCE
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Digital Ffont End (DFE)
Four 14 bit, 40 MHz ADC channels
One Virtex Il FPGA
(XC2Vv1500 — 1.5M gates)

RF Output (RFO)
Clock & PLL circuitry
One 14 bit, 80 MHz DAC
Up-Conversion to 402.5/805 MHz
Filtering

Accelerator Systems Division
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FPGA: X2V1500

phase := 0.0 SP_Table ramp_time := 1e-4
width := 16 DIFF FIR Phase_Rotate | Kp Gain_Ramp s3
size :=1024 = . AN " 6(2) a b] X
ts .= 25ns e [c d
0

=" error
& sp_ser = p_rot := 0.0 T s1 INTEGRAL
SP_Vec_Rotator err_trip k=10 X L

|
| |
| |
| |
| |
| |
I @ |
ts := 25ns | dfreq:=0.0  width =16 = \T/ ki = 103 |
adc_CAV @ I size =1024  TIMING_SEQ FF_table_beam ° ' |
I FLD_BUF o rf_gate IF_BOOST R
ade_FWD o—<aZZ— o ff_start + clk80 o4 |
adc_RFL o7 | 5 FWD_BUF re P fb_start s2 I
adC‘REF : = RFL_BUF T;iﬁ“fﬁ ::F;;;es';tp B PROTECTION SW | |
- <A - f trip 25 |
| DIAG_BUF FF_table_RF e P “pﬁ |
| L —- size 1= 8192 err_trip o{Logic [#© |
| ’I:UXSXS OUT_BUF ts := 200ns mps_out I
CAVITY Dir_Coupler Analog_Gain Loop_Latency
\A '_—l« ain < SNZR ela
Gyv probe IIL drive ﬁr <IC pely
comb2_s1 ke = 1kHz fwd  rfl k:=A dac_z2s1 td ;= 1e-6
+Classic vector P-1 control oDigital IF output synthesis
+Dual switched FF tables ¢Five DSO signal trace buffers
+SP tablet+Cordic phase rotator ¢Protection interlocks, and etc.
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<Development Process
— Verilog modeling
— Machine code/driver

Verilog Modeling:
Functionalities

- Machi
gene ration Co:g glgﬁ_: Verification
— Co-simulations el TestLab.
— Synthesis/lab.
verification. ot GUI/Control
ompilation Aut ti fi PAR
Iverilog / utomation Sorware Xilinx ISE
ModeSim development

Why need this system ?

— Relirable Machine
Code Gen. :
development and drivers.
support.

End-to-End
System Behavioral
Simulation
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FCM noise floor

| Nolise sources:
12000 Amplitudes _ _
E eData quantization,
10000 -3
8000 \ «ADC/DAC clock jitter,
2$E -Coupled digital noise
2000 | eAnalog RF i1nterferences
L L e I B L I B B
0 200 400 600 ©00 1000 1200 1400 1600 Switching noise of PS
200 Phases
e | FCM noise floor is well below
03 - the level required for
100 1%/ 1 deg.
~200 T T T T T T T T
0 200 400 BO0 800 1000 1200 1400 1600

Typical FCM signal data quality
over a single RF pulse.
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FCM noise Ffloor

FCM input channel noise floor FCM input channel noise floor
25 T T T T T T T T -67 T T T T T T T

-68 ~

-70 o

Tk " g i

Relative to 3/4 FS (dBc¢)
|
|

[ 72E J ;
15 .'( A _/ | S
/ 20 x max. control BV = 300kHz

Jr_:" 73k Imr 4

Std deviation (equivalent flickering ADC bit count)
|
|
|
|
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74}/ \

1 | 1 I | | | 1 L
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Data Sampling Rate (MHz)
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Frequency response - analytical method

Simplistic Type 1 , 2" + order controller w/delay

G@)zA.Kp+g-“+4g)-eﬁ Routh-Hurwitz =, 4
s(s +K,) criterion -> 3-7-Ke

Constraints:
1. Total Loop delay (analog delay + digital latency)
eAdds more poles to the system - > instabilities.
elimits gain-bandwidth product A-K, K.
eGiven Kc, usable proportional gain AxKp is limited,
eThus limits the closed-1oop control bandwidth,
In SC case, also affects the amount of FB

control errors.

2. Quantization noise

Accelerator Systems Division 8 Hengjie Ma, Feb. 9~10,06 ORNL
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SNS LLRF: System characteristics
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Frequency response - graphic method

- assuming same system transfer function

Nichols Chart for SNS RF
—— K=75, case of NC I
—— K=200, Max. gain, case of SC - - “;VOdB, _
—— K=75, optimal damping, case of SC - |
— K=65, critical damping : I .
30| —— K=25, over damping | N a
| - N \
I \
%, 20 + .
c \ . -1dB
© - !
8 R A
c - \\
S ‘ ‘ .
° N . \
g 0 b7 o N
. [ ~_-3dB
@_) N | ' |
5 ‘
c / |7~ < < \ |
= \ A /ph/ése margin: 60 deg.\\ L
g o - - s - . -6'dB-|
_él K N o ,,\\— - . “‘ |
Q 3dB BW: 18kHz o
() - - B N L | |
: 80kHz N Vo
-10 - / --12 dB‘L
- ‘ L
[
, , \ | s
! “ \ \ \ \ “ | 1 I
Final Freq.= 110kHz | Assumed total loop delay = 2e-006sec. | ' ||
20 =t L | ! [ e - - op - —-20dB)

-270 -225

-180 -135 -90
Open-Loop Transfer Function - Phase (deg)

-45
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SNS LLRF: System characteristics
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Transient response to step change — NC cavity

Transient Response of SNS LLRF to 12.5% Step Function Change in Set-Point Input

600

N A . "
| /ﬂv SOV e sagd WA ”““%“/‘\fwmxmwAMMWNMﬁ%V‘”"/,‘F, WWW%M&

400

[

1800 T [ [ [ [ [ [ [ [
L<— Dead time (delay from DAC to ADC) = 1.0728 usec.
—~ 1600 |- ‘ 7 “‘
A
1400 - ‘ | | Field overshoot peak level = 22.5589 %, measured
| | Field overshoot peak time = 3.295 (us), measured *12.5% Step to SP input
‘ o Control bandwidth o, = 167.9263 kHz @£=0.707
1200 - | Total Loop Gain K = 10.0809 forz=0.707 *FWD PWR @ 500kW
‘ | Settling time Ts = 4.2705us, measured, 95% rise
L Cavity pole Kc = 16.6579 kHz . i .
1000 - ‘ \| Integral zero Ki = 12.6 kHz Cavity BW: 16.7kHz
7ﬂ Wﬁiiiiiiiiiiiiiiif 3dB Cntrl BW: 167kHz
soor | ..~ sLoopgain: 10

Caity field, £=0.707
LLRF drive, £=0.707
Cavity field, £<<0.707

200 System ID: DTLLLRF: FCM1:

Amplitude of cavity field and LLRF drive changes(ADC counts

FWD power: 500kW

0t LLRF drive base offset: 2523.1627 LLRF drive, £<<0.707
Field base offset: 5185.4878 Cavity field, £>>1.0
LLRF drive, £>>1.0
-200 | | | | | I I I
0 10 15 20 25 30 35 40 45 50
Time (usec)
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SNS LLRF : System characteristics

Transient response to test pulse - SC cavity

Transient Response of SNS LLRF to 20% Step Function Change in FF Input

12000 T T
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\ | I
\ | |
Iosomconmmmmed] o b0 oo
| I "%
| |
2000 ‘ ‘
\ /) systemID: SCL LRF:FCM12a: |
/ —— Cavity field
/ Field gradient: 9 MV/m —— Forward wave
~ —— Reflected wave
0 | | —
0 500 1000

Time (usec)

Change in Amplitude (ADC counts)
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-200
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Transient Response of SNS LLRF to 20% Step Function Change in FF Input

N
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T T T T T

4« Dead time (delay from DAC to ADC) = q.519 usec.
I ‘Ij‘
|

|
Field overshoot peak level l‘&mMOS %, measured

| Field overshoot peak time = 113.0633 (us), measured
Control bandwidth Oy = 59.2§%4 kHz @&=0.707
Damping factor ¢ = 0.7634| used for test

Total Loop Gain K = 104.8081 \ror§=0.707

Settling time (95%) T, = 3T = 8/0576 (us), fog=0.707

Cavity pole Kc = 0.56538 #Hz M‘q
I

K
I

Wy + 1]

|
. . N
System ID: SCL LRF:FCM %q
I
Field gradient base offset: rh420.5685
Reflected wave base offset] 3334.4912
Forward wave base offset: 5;349.7845
L L

—— Forward wave
—— Reflected wave

— Cauvity field

20 40 60 80 100
Time (usec)

SCL-12a @ 9MV/m response to test rectangular pulse to FF input

*Closed-loop control bandwidth:=59kHz for critically damped, cavity BW: 0.56kHz

*Total loop gain tested:= 89, 104 required for critical damping

120

Accelerator Systems Division
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Amplitude (ADC counts)

Accelerator Systems Division 12
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Transient response to beam loading with no FF assistance

Transient Response of SNS LLRF to Beam Loading

T T 1500 T T T
Rise time :11.0092 us
‘ Settlling time :19.4495 us
Field dip-peak :0.29167 %
ol \y MM Field dip-residual :0.11954 %
r 1000 1 ‘ \“‘A [V ww Beam Curren 10 rAﬂA b
‘\

|
\ﬁ: OO P o AR S QIR 01
\
\

Change in Amplitude (ADC counts)

Transient Response of SNS LLRF to Beam Loading

AT Ay

w\r\/ WA /VW’N A”‘“MM
Field trace magnification: x 10
Field gradient base offset: 11387.064
Forward wave base offset: 3410.0756 B

Reflected wave base offset: 3251.8126
System ID: SCLLLRF:FCM123:

N W
M ww Wy J\w A /V\;“”\m‘m ¥
!

| Uy ,‘\m
\ -1000 M T 4
) SystemID: SCL, LRF:FCM12a: ‘ | '
\ / —— Cauvity field —— Cauvity field
/ Beam Current: 10 mA —— Forward wave —— Forward wave
/ —— Reflected wave ‘ —— Reflected wave
| | — -1500 | | | T
0 500 1000 1500 0 20 40 60 80 100 120

Time (usec)

SCL-12a @ 9MV/m response to 10mA/300us beam pulse

*Beam rise time: = 10us, feedback action delay time: ?7?7?

*Settling time of proportional feedback control: =19.5us

*Damping ratio: 0.76 ; Peak field error: 0.3% ; Residual error right after settling : 0.12%
*AFF for beam loading compensation ?

Time (usec)
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SNS LLRF : Operation methods

Cavity filling in in open-loop with FF first, and
then feedback control during flattop.

Automation software currently is being used on
all 100 commissioned systems (both SC and NC).

FCM Control

12000 Amplitudes
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2000 ' \
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B
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0 55

Avg, N | Start [

127 0 0 3276

(horizonial axes i microsecs)

Feed Forward

f 1] 0.312 1
Amplitude

T
—z00 13 200
Prase | e
Start ] ann 1300
] 1300 1300
End
|
Feedback Loop
. ] 9.000 5
A | S
—-Z00 949 200
Phase e
Gain Slope
G e ey |80 s
= = Iéod /
Sl  leww
Gain Rot.Calc
] 1.500 =l B
Integral T mw | &7 CE
Auto-Set
Offset
Fonwara

|§205.D deg

Cavity

[=][O][]

Timing [ Diag [ FF_[HAw JiEI|
RF Gate -m 1300.2 us
Idle Time 0.2 0.2 1300
[usec] [
ADC Warmup 0.1 0.1 =11}
[usec] [ A
Feed Fwd. Time 0.1 300.0 1300
[usec] |
Feedhack Time 0.1 1000.0 1300
[usec] I -
Decay Time 0.1 zo0.0 a00
[usec] - A
Inhibit Retrigger & 8 2B
[ms] |
Wi ait 0.0004 0.0 2k
[ms] |
nns
el FEDS Pt Iﬁo.nmoo kHz
Raw

0.00000 kHz
Amplifierf D 1000 2047
Attenuator

Yl

SPALLATION NEUTRON SOURCE

| mw |
Averages Start Curation Field &mpl.  Errar Field Phase Error OutPhase Peak Error
Fil' Samples  zg7.0us  Z0us §.995 MV/m 002 %  949deg  0O0deg -444deg 040%
End’ Samples  1087.0us 30us 8.994 MV/m 007 %  S947deg  D2dey  -3.2 deg
L Il
1
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An option for NC cavities:

RF turn-on with FB control only, no FF for cavity
filling, but uses a SP curve to modify RF drive
overshoot.

Straight-up

linear ramp

EXp.
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ramp

FCM Control FCM Control FCM Control
i Amplitudes i
25000 Amplitudes 25000 p 25000 Amplitudes
20000 20000 20000
15000 15000 15000
10000 10000 10000
5000 5000 5000
D|||“‘||| T I:||'|'|'|‘|'|‘|'\‘|'\'|'\'| D|.|.‘.‘.‘.|.|.|.|.|.|.‘.‘
0 Z00 400 BOO 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 GO0 800 1000 1Z00
Phases
200 Phases ZDD— 200 Phases
mu—j mu{; { 100 Hr
03 03 ]
E| :ZE
-mu—' 'WU—: -100
20— B I B B R -2003 | | S e
] 200 400 BOO 800 1000 1200 g eoo 400 800 800 1000 1200 i 200 400 GO0 8O0 1000 1200
3 z horizontal axes | Forwarg P F {horizontal axes | Forward 5 - {horizantal axes | Forward
Avg. |f13 Start |D = (.f'n microsecs) Avg. |83 Srart | i microsecs) Avg. |83 Start IEI e in microsecs)
Cavity Cavity Caty
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Two AFF compensation algorithms under test
(with 100 us simulated un-chopped beam, 15us rise time)

AFF ON AFF OFF AFF ON
1Q mod. (SNS) Vector mod. (Alexander)

FCM Control FCM Control FCM Control
i Y
Fee:
Feed Forward W Feed Forward
Amplitudes i 0.421 1 Ampliudes Amplitudes .
12000 P Ampltude 12000 Ame | 12000 p pu—— 0423 1
0ooo
Lo -Z00 -15Z Z00 Pha: L -Z00 -152 200
Phase 2 Phase
2000 s000
GO00 o 20 1300 G000 o 20 1300
Start Star Start
4000 4000
2000 End o 200 1300 End 2000 End o 200 1300
] P —— L e A B M A A M | Feel 0 B
0 50 100 10 200 250 300 eedback Loop i 50 100 150 200 250 300 0 s0  ion 1s0 @on 280 soO Feedback Loop
n Phases Amplitude = £.0u = Phases A n Phases Amplitude g 5000 <t
@ = I 3 - I 200
Phase 200 0.0 200 Pha: Phase 200 0.0
Z 2
! 2767 32767 M
Gain J 2 Gair Gain 1) 32767 32767
0 e /| o U Y Y —— _______ m
{
-1 -z00 -152 200 f -1 ( - =
[ Gain Rot. Gair: Gain Rot. 200 157 z00
2 23 |
! N
B A AL M M AL R 0 23000 834688 Inteq | "3 TR e e e 0 23000 994688
il 50 100 150 20 es0 3o | Meeerd ! 7 o o w0 o aep g | Integral
P P (torizontal axes | Forward | Gain Ramp (hovizontsl dxes | Forware | Gair = ™ (horizontal axes | Forward | Gain Ramp
Avg. |8 Start |0 us ! i microsecs) Aug. |8 Start |0 us o
in microsecs) ‘ o R Dure in microsecs) 5 R
Cauine Duration IS Initial |;1000 vt 1 i Duratien | 10.0us Initial |A000 |
=] I - H ! =] T -
o Pulses VeloIs cav /5r P Pulses AVETOITS
Cav Il il Wi, to avg. ) ha Cav. 15¢ Il n Wi to avg, |10
10000 AFF resels aier ey pase | 10000 [ 10000 AFF resels aiter err” based
9300 IER" [gRated piises. af ¥ arim aqa00 f 9300 “MMER" fgrored piises. on 1 orinor
pulses. 5 { R plizes.
/ - ™ B R e et
zsgg f "Optimal” Setpoint Curve - ’r' / (o] gjgg I\‘ \,M s ~Qptimal” Setpoint Curve
" ! 1 "
9E00 { Time Const |:0.000 us ResErr ags00 { f{' r{’ Tire 9E00 [ Time Const |:0.000 us ResErr
ason _ 8500 ; / 9500 { P
aa00 T Start 71,000 us Asymptote | gann [ / T8 | gmm J T Start 71,000 us Asymptote
4300 - DE00 T e e e a0 .
G ] . o5 Tra IS B B B B L R A e B A R AR . 5
il 50 100 150 200 250 Trans. Time: |0 &P Lz 0 50 100 150 200 250 o = . B o e Trans. Time | 0.5 us P Lead
(horizamtal axes i1 microsecs) FF Lead (forzomal axes in microsecs) (horizontal axes i MIcrosecs) FF Lead
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Example 1:

Scanning field gradient setting to observe the “2kHz” mechanical mode of
medium-beta cavities which becomes prominent when the cavity is run at a
gradient much beyond the designed 10 MV/m

(note: half gain)

x 10" Cavity 2kHz resonance vs. field gradient - full view
T T T T
1.12 % total
14MV/m
8@ - " = 0 T T

-
(2}
T

10MV/m

-
N
T

Amplitude of cavity field (ADC counts)
N
T

| — 10 MV/m
— 10.5 MV/m
—— 11 MV/m
1L System ID: SCL LRF:FCMO7a: —— 11.5 MV/m |
[ — 12MV/m

12.5 MV/m
—— 13 MV/m
—— 13.5 MV/m
0.8 ! ! ! | “14MV/m 7

100 200 300 400 500 600
Time (usec)

Accelerator Systems Division 16 Hengjie Ma, Feb. 9~10,06 ORNL



ILC LLRF workshop, Fermilab

SNS LLRF : DSO buffer feature applications

Example 2: ™ “u
Scanning loop gain to see its effectiveness on controlling “2kHz” mode.

Cavity mechanical resonance vs. Loop Gain (0 ~3.32) Cavity mechanical resonance vs. Loop Gain (3.32 ~24.07 )

w10

2
) @
=15 B
o o
O
2 2

1 @
a a
= z
o 05 -

x 10° Cavity field at 14Mv/m, loop gain = 83
Cavity mechanical resonance vs. Loop Gain (24.07 ~83) 2 T T
1.8 —

pk-pk variation: 0.56%

Field Amplitude {ADC counts)
Amplitude (ADC counts)
T

r\\”m T
0.6 ‘\\mwwfwvmxw\m V;J\v»
. 0.4f [\ b
1500 ‘
|
0.2 —— Cavity field [
—— Fwd wave
— Rflwawe
0 L I
Loop Zain 0 0 0 500 1000 1500
p Time {usec)

Time (usec)
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Example 3:

SNS LLRF : DSO buffer feature applications

N

B
SPALLATION NEUTRON SOURCE
L

Scanning loop gain to observe the coupling of “2kHz” mechanical mode between
field phase and amplitude in association with gain value.

s "2kHz" cavity resonance on amplitude vs. Loop Gain

Field Amplitude (ADC counts)

' "2kHz" cavity resonance on amplitude vs. Loop Gain

f=—1
[
!

Field Amplitude {(ADC counts)
!

0=
1500 s 1500
T 1000
0 500
D0
Loop Gain Time (usec) Loop Gain Time (usec)
"2kHz" cavity resonance on phase vs. Loop Gain "2kHz" cavity resonance on phase vs. Loop Gain

~ 30 -~ -0~

g g

o -3 o -9

1] ]

§-100- & 100~

i il

5105+ ERUGE

e o

L0y L -110 .

4 o 100
1500 1500
500 0 500
D0
Loop Gain Time (usec) Loop Gain Time (usec)
Accelerator Systems Division 18 Hengjie Ma, Feb. 9~10,06  ORNL



ILC LLRF workshop, Fermilab ~ SNS LLRF : DSO buffer feature applications

Yl

SPALLATION NEUTRON SOURCE

Example 4: g |

Observing effectiveness of FF for suppressing the “2kHz” mechanical mode.

4 2kHz" cavity ringing compensa-tz.lt_lf)n WIth FF {14Vim gain: 55) X 104 Effectiveness of FF on compensatging "2kHz" cavity ringing
= X 10 R 1.845 \ \ \ \ \ I
‘5 — lternation: 1
2 2~ — lternation: 10
0 1841 —— lternation: 60 |
015~
L
g 1
2 1.835- I R
EU 5 = |
< = atend of AFF learnin
% 68 . § 1.831- \ 9 N i
o 1501 O
[m]
500 =
00 = 1.825 B
(]
fteration number Time [usec) =
System ID : SCL LRF:FCMO7a: E 1.821 A
e “
[
) S1.815- B
g g at beginning of AFF learning
o 1.81F B
(1]
=
ono-
3 1805 :
L.
150 18- System ID: SCL LRF:FCMO7a: 1
500 \ ! ! \ ! ! \
200 400 600 800 1000 1200 1400
teration number Time (usec) Time (usec)
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Example 5:

Observing 5/6pi mode over time in closed-loop control mode.

o
oo
/

=
(o}
/

Mormalized spectral magnitude

=
I

""'u;r":!?!":aiu'\:l'anl.,|'; .

5i6pi mode component over time during a RF pulse : Feedback On

-aq

FE on

Time {us)

Frequency (MHZ)

25

SPM[HIUH HHHRHN S[)LII?[[

*Insignificant
amount of 5/6 pi
mode observed at
RF turn-on and off

35/6 pi mod?I |
ecays rapi
and is furtﬁ y
significantly
reduced during
flat-top when
feedback is turn
on.

*Moving window
=25us,

«Sampling rate =
5I\/IHzp J

Accelerator Systems Division
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SPALLATION HHIIR'DN SOURCE

Example 6: g
Observing the 5/6pi mode over time in open-loop mode.

Si6pi mode component over time during a RF pulse : Feedback Off

*5/6 pi mode is also
greatly reduced at
and during the flat-
Ll B top time EVEN
ey WHEN FB IS OFF.

04 -

o
o
_ /

*Cancellation effect
from FF pattern ?

Mormalized spectral magnitude

25

Flat-top begin - 1
REon =0 05

Time (us)

Frequency (hMHz)
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Summary

e System performed well and met the needs during the
commissioning runs.

e Hardware platform has flexibility and capacity to allow
further expansions.

e Strong software support has offered ease and convenience
of operations.

e Efforts will continue to focus on algorithms for various
AFF compensations, as well as issues In Lorentz
detuning.

e Exercises of new hardware and control algorithms for
future LLRF.
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